Summary. The distribution of nitric oxide synthase (NOS) was determined in the gastrointestinal tract of the rainbow trout, Salmo gairdneri. NOS immunoreactivity and the NADPH diaphorase histochemical reaction were co-localized in nerve cells in the myenteric ganglia. However, only about 60% of NADPH diaphorase-stained nerve cells in the vagus nerve trunks were immunoreactive for NOS. Reactive myenteric nerve cells were found throughout the gastrointestinal tract, comprising about 10-15% of all nerve cells. Reactive nerve cells and fibres appeared in the myenteric ganglia and nerve trunks. The circular muscle was innervated by reactive nerve fibres throughout the gastrointestinal tract. Some NOS-containing cell bodies were also in this layer. The submucous plexus contained reactive nerve fibres in each region of the gut; in the large intestine a few reactive nerve cell bodies were also seen in this plexus. The muscle in the mucosal folds of the large intestine was densely innervated. The observations suggest that nitric oxide is an enteric transmitter in teleost fish, as it is in mammals.
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The enteric nervous system contains numerous different transmitters.
In mammals, most transmitters that are found in the central nervous system are also present in enteric neurons. The enteric nervous system is thus useful for investigating the extent to which novel transmitters are represented in different classes of animals. The recently discovered transmitter, nitric oxide, is produced by the enzyme nitric oxide synthase (NOS) when neurons are activated (BREDT and SNYDER,1992) . Thus, the presence of nitric oxide synthase (NOS) in neurons is strong evidence that the neurons utilise nitric oxide as a transmitter. NOS has been demonstrated to occur in enteric neurons of mammals COSTA et al., 1992; FURNESS et al., 1992; WARD et al., 1992; YOUNG et al., 1992) and has recently been localized in enteric neurons of an amphibian ) and a bird (LI et al., 1993) .
In mammals, the neuronal form of NOS has two activities: it produces nitric oxide from arginine and oxygen and, in the presence of NADPH, NOS reduces nitroblue tetrazolium to an insoluble, visible f ormazan; this activity is known as NADPH diaphorase staining. In the central and enteric nervous system of mammals, NOS immunoreactivity is co-localized with NADPH diaphorase staining, and it has been suggested that NADPH diaphorase reactivity reveals the NADPH binding site of NOS (DAWSON et al., 1991; HOPE et al., 1991; BELAI et al., 1992; WARD et al., 1992; YOUNG et al., 1992) . A similar one-to-one correlation between the NOS immunoreactivity and NADPH diaphorase staining has been noted to occur in neurons of the myenteric and submucous plexuses of the gastrointestinal tract of both an amphibian and a bird (LI et al., , 1993 . Moreover, in the amphibian and bird, an antiserum raised against mammalian NOS very effectively revealed NOS of enteric neurons. It therefore appears that the molecular form of NOS is similar across vertebrate classes.
The trout gut has a well-developed ganglionated myenteric plexus that has been described by light and electron microscopy (BURNSTOCK,1959a, b; EZEASOR, 1981) . Nevertheless, mammalian neurotransmitters are irregularly represented in the enteric nervous system of fish, with common transmitters such as neuropeptide Y and substance P being apparently absent from some species (BJENNING and HOLMGREN, 1988) . In contrast, immunoreactivity for a range of neuropeptides is present in the enteric nervous system of the rainbow trout; these include bombesin, enkephalin, neuropeptide Y, neurotensin, somatostatin, substance P and VIP-like immunoreactivities (BJENNING and HOLMGREN, 1988) . Histochemical studies also show that adrenergic nerve fibres (READ and BURNSTOCx,1968) and serotonergic neurons (WATSON, 1979; ANDERSON, 1983) are present in the gut of teleosts.
The present work was undertaken to determine whether the presence of NOS in enteric neurons extends to fish and, if so, whether this NOS also shares NADPH diaphorase activity as it does in animals of other vertebrate classes.
MATERIALS AND METHODS
Rainbow trout (Salmo gairdneri) of both sexes with body weights of 250-350 g were collected in Victoria, Australia. They were held for up to two months in an aquarium that was circulated with fresh water, at 15C. The trout were anaesthetised by immersion in tap water containing 0.1% tricaine methanesulfonate (MS 222: Rural Chemical Industries, N. S. W., Australia), and then killed by exsanguination. Tissues were collected from five regions of the gastrointestinal tract: the esophagus, stomach, small intestine (2-4 cm anterior to the junction of small and large intestines), large intestine (2-4 cm posterior to the junction of small and large intestines), and the pyloric caeci.
NADPH diaphorase histochemistry
Wholemounts of fixed tissue were processed for NADPH diaphorase histochemistry. Gut from freshly killed trout was immersed in phosphate buffered saline (0.9% NaCI in 0.01 M sodium phosphate buffer, pH 7.0; PBS) containing the muscle relaxant nicardipine (10-6 M). The tissue was stretched and pinned on balsa wood with the mucosal side down and fixed in 4% formaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.0, at 4°C for 1 h. Then the tissue was unpinned, washed in PBS, and preparations of longitudinal muscle with attached myenteric plexus were dissected free. The tissue was reacted in NADPH diaphorase incubation mixture for 6-10 h; the incubation mixture was renewed each 2 h. After the reaction was stopped by immersion in the buffer, the tissue was washed in PBS and mounted on a microscope slide in phosphate-buffered glycerol. The NADPH diaphorase-incubating medium contained 0.25 mg/ml nitroblue tetrazolium, 1 mg/ml Q-NADPH and 0.2% Triton X-100 in 0.1M Tris buffer, pH 7.6 (SCHERER-SINGLER et al., 1983) . The reaction was performed at room temperature, and stopped by washing the tissue in Tris buffer (pH 7.6).
NOS immunoreactivity
and NADPH diaphorase histochemistry:
sequential staining
Wholemounts of myenteric plexus from the esophagus and stomach from two trout were used. The tissue was fixed in 4% formaldehyde in 0.1 M phosphate buffer (pH 7.0) for 1 h at 4C, and then incubated for 4 days at 4C in a rabbit antiserum against NOS ) at a dilution of 1: 25 in PBS containing 0.25% Triton X-100. The preparations, after washing in PBS, were incubated in sheep anti-rabbit antibodies coupled to fluorescein isothiocyanate (FITC, Wellcome Diagnostics, Melbourne, Australia) at a dilution of 1:160 for 2 h at room temperature. After the unbound secondary antiserum was removed by washing in PBS, the tissue was mounted in phosphatebuffered glycerol. NOS immunoreactivity was examined under a fluorescence microscope and selected ganglia were photographed.
Since exposure of the tissue to the fluorescence illumination during photography reduced the intensity of the NADPH diaphorase staining , the photographs were taken with high speed film (Kodak TMAX 3200, exposed at 6400 ISO). After selected ganglia had been photographed, the coverslips were removed from the slides and the tissue was washed in six 10 min changes of PBS and incubated in the NADPH diaphorase reaction mixture for 9 h at room temperature with the mixture being changed at the start of each 2 h. The reaction was stopped with Tris buffer (pH 7.6), and the tissue was mounted in phosphate-buffered glycerol. With the aid of the micrographs of NOS immunoreactivity, the areas which had been photographed following the NOS immunohistochemistry were located. The cells that had been NOS immunoreactive were examined for NADPH diaphorase staining.
Localization of NOS immunoreactivity in sections
Tissue was pinned onto balsa wood without stretching and then fixed and washed as described above. The fixed tissue was placed in 30% sucrose in PBS for 24 h at 4°C. Perpendicular sections of 10 um thickness, both longitudinal and transverse, were cut at -20C on a cryostat and picked up on poly-L-ornithine coated slides (0.1% poly-L-ornithine in distilled water). After being air dried for 1 h, the sections were incubated in 10% normal sheep serum for 30 min in a humid chamber. Excess normal serum was removed and the sections were incubated in NADPH diaphorase reaction mixture or NOS antiserum. For the NADPH diaphorase staining, the sections were incubated in the diaphorase reaction mixture for about 12 h at room temperature with the reaction mixture being changed each 2 h. For the NOS immunohistochemistry, the sections were incubated in 1: 25 NOS antibody for 6 days at 4C. Immunoreactivity was localised using a FITC (Wellcome) labelled anti-rabbit antiserum at a dilution of 1: 160 for 2 h at room temperature.
After washing, the sections were mounted under coverglasses in buffered glycerol (pH 8.6) for white light or fluorescence microscopy.
Determination of the numbers of NADPH diaphorase stained nerve cells in the myenteric plexus Fixed wholemounts of myenteric plexus from three trout were used for NADPH diaphorase staining. To determine the density of occurrence of nerve cells in the myenteric plexus, all stained cells were counted on an Olympus BH microscope using a lox objective. All nerve cells lying within the area defined by the external rectangle of the eyepiece graticule were counted. The area of specimen within the graticule was 0.0143 cm2, and in each preparation 10 contiguous areas (0.143 cm2) along the long axis of the gut were counted sequentially. The numbers of stained cells per cm2 in each region were calculated and expressed as meanS.E.M. of NOS immunoreactivity (a, b) and NADPH diaphorase activity (a', b') in neurons of the myenteric plexus of the esophagus (a, a') and in a vagal ganglion which lies in a vagal nerve branch on the surface of the esophagus (b, b'). In the enteric ganglia, all reactive nerve cells had both NOS immunoreactivity and NADPH diaphorase activity, whereas only 60% of NADPH diaphorase reactive vagal nerve cells were NOS immunoreactive.
Arrows with asterisks indicate cells with both NOS immunoreactivity and NADPH diaphorase activity, whereas arrows without asterisks indicate cellswith only NADPH diaphorase activity. Note that the intensities of the reactions with the two methods do not match. Calibration: 50um.
RESULTS

Correspondence
of NOS immunoreactivity and NADPH diaphorase activity Following processing for NOS immunohistochemistry, NOS immunoreactive nerve cells were found throughout the gastrointestinal tract. Whole mounts of the myenteric plexus of esophagus and stomach were used to test for correspondence with NADPH diaphorase. Both cell bodies and non-varicose fibres were storongly reactive.
When the tissue was subsequently reacted for NADPH diaphorase histochemistry, all nerve cells in the myenteric plexus that showed NOS immunoreactivity also stained for NADPH diaphorase, while in the vagus nerve trunk, only about 60% of NADPH diaphorase neurons showed NOS immunoreactivity ( Fig. 1 ; Table 1 ). The close correspondence between the intensities of NOS immunoreactivity and the NADPH diaphorase reaction that occurred in the mammalian, amphibian and avian intestine Li et al., 1992 Li et al., , 1993 did not occur in the trout.
Distributions
of NOS immunoreactive nerves throughout the gastrointestinal tract of the trout
The distributions of nerve cells and fibres were examined in whole mounts (Fig. 2) and in longitudinal and transverse sections of fixed tissue (Fig. 3) . In the sections, fibres were not adequately demonstrated with NADPH diaphorase histochemistry even though different incubation times (up to 48 h), different incubation temperatures (4C, 20C and 3TC) and different NADPH diaphorase reaction mixtures (0.5 mg/ml nitroblue tetrazolium; 0.5%, 1% and 5% Triton X 100) were tested. At longer incubation times, higher temperatures or increased substrate concentrations, the background staining that occurred in the muscle was too strong for nerve fibres to be distinguished reliably. Therefore, the localization of NOS immunoreactivity in the sections was obtained from NOS immunohistochemistry.
A summary of the distribution of NOS immunoreactivity is given in Table 2 . Esophagus. The longitudinal muscle coat is absent or very thin in the trout esophagus, and the circular muscle is striated. The myenteric plexus, which lay on the outer surface of the esophagus, contained nerve fibres and nerve cell bodies that stained for NOS immunoreactivity and NADPH diaphorase activity (Figs. 1, 2) . The nerve cells often had reactive varicosities close to their surfaces. Vagal nerve branches that contained reactive nerve cells and fibres were found in whole mounts of the surface layers and adjacent connective tissue. No innervation of striated muscle by NOS immunoreactive fibres was seen, nor was there innervation of the arterioles that ran in the gaps between the muscle bundles. A submucous plexus which contained some reactive fibres was present in the esophagus. No stained nerve fibres were found in the mucosal layer.
Stomach. Nerve trunks on the gastric surface that were probably vagal nerve branches (BURNSTOCK, 1959b) contained reactive nerve cells and fibres. Very rare reactive nerve fibres were observed in the longitudinal muscle; sometimes fibres which connected superficial nerve trunks and the myenteric plexus penetrated the longitudinal muscle. The myenteric plexus contained many reactive nerve cell bodies and fibres (Fig. 2c, d ). Reactive varicosities were closely apposed to the reactive nerve cell bodies. Numerous reactive nerve fibres which ran parallel to the muscle fibres were evenly distributed throughout the thickness of the circular muscle (Fig. 3d) . Occasionally, reactive nerve cell bodies could be observed within the circular muscle layer (Fig. 3b) . A submucous plexus which consisted of nerve fibres but contained no reactive nerve cells was found in the stomach. Though there were a few labelled fibres in the muscularis mucosae very few fibres were seen in the mucosal layer. The blood vessels appeared to have no innervation, even though a few nerve trunks were near them. Small intestine. The longitudinal muscle was innervated by very rare nerve fibres which ran parallel to the muscle fibres. The myenteric plexus contained many reactive cell bodies and fibres (Figs. 2e, 3c, d) . The circular muscle could be divided into inner and outer muscle layers. Nerve fibre bundles were concentrated in the inner two thirds of the outer muscle (Fig. 3c, d ). The deep muscular plexus was not so well defined as in other species (mammals, amphibians and birds), but a concentration of large nerve bundles occurred at the level of the inner layer of circular muscle (Fig. 3d) . Most nerve fibre bundles ran parallel to the circular muscle fibres, while a few fibres ran through the muscle in the penetrating nerve bundles, which lay in the gaps between the muscle bundles. A few nerve cell bodies were also observed in the circular muscle. The submucous plexus contained some thick nerve bundles which included reactive nerve fibres. Very rare fibres, two or three in each section, were seen in the mucosa.
Pyloric caeci. The pyloric caeci are numerous small blind-ending diverticula of the first part of the small intestine (BURNSTOCK, 1959a) . In sections, we found these to have thin walls containing longitudinal and circular muscle and an elaborate mucosa. Rare NOS immunoreactive nerve cells were seen between the muscle layers, and reactive fibres in the muscle were extremely scarce.
Large intestine. A few reactive nerve fibres running parallel to the muscle fibres appeared in the longitudinal muscle. The myenteric plexus contained many reactive nerve cell bodies, usually in small groups (Fig. 2f) , and thick nerve bundles. Many labelled nerve fibres which ran parallel to the muscle were distributed throughout the thickness of the circular muscle, with a slightly higher density in the inner part of the muscle (Fig. 3e) . Some reactive nerve cell bodies were also observed in the circular muscle. A submucous plexus which contained nerve fibre trunks and scattered reactive nerve cell bodies (about two or three nerve cell bodies in each section) was also observed. Very few fibres occurred in the mucosa. The large intestine of the trout is characterised by large circumf erentially oriented mucosal folds, described by BURNSTOCK (1959a) as annulo-spiral septa. The cores of these folds contained circularly-oriented smooth muscle fibres which were densely innervated by a plexus of reactive nerve fibres that ran parallel to the circular muscle (Fig. 3f) . Occasional nerve cell bodies could be seen in a thin connective tissue layer between the smooth muscle and the epithelium of these folds.
Frequency
of NADPH diaphorase-stained nerve cells in the myenteric plexuses
The frequency of NADPH diaphorase-stained nerve cells was examined in whole mounts of tissue from four regions of gastrointestinal tract from three trout. The average frequency of NADPH diaphorase nerve cells in the whole gastrointestinal tract of trout was 1700/cm2. Among the four regions, the highest neuronal density was found in the large intestine, and the lowest neuronal density in the esophagus (Table  3) .
DISCUSSION
The present work demonstrates that an antiserum raised against mammalian NOS reveals immunoreactivity in all neurons with NADPH diaphorase activity in the myenteric plexus, and about 60% of neurons with NADPH diaphorase activity in the vagus nerve trunks of the trout. Thus, NOS immunoreactivity and NADPH diaphorase enzyme activity correspond 100% in the myenteric neurons of the trout as they do in mammals, amphibians and birds (BELAI et al., 1992; LI et al., 1992 LI et al., , 1993 WARD et al., 1992; YOUNG et al., 1992) . There are several possible explanations for the lack of NOS immunoreactivity in some nerve cell bodies of the vagus. Because the preparations of vagus nerve trunk were much thicker than those of the myenteric plexus, it is possible that the penetration of the NOS antibody was not sufficient to label all neurons which were stained by the NADPH diaphorase. This possibility is not favoured because, in some preparations, we found that in one Table 3 . Frequencies of NOS nerve cell bodies stained by NADPH diaphorase histochemistry in the myenteric plexus of trout gastrointestinal tract. In each preparation, the nerve cell bodies within 0.143 cm2 sampling areas were counted and the densities expressed as meanSEM (n=3).
focal plane of the microscope some NADPH diaphorase stained nerve cell bodies showed NOS-immunoreactivity while others did not. Several distinct isoforms of NOS exist BREDT et al.,1991; FORSTERMANN et al.,1991; Yui et al., 1991; SCHMIDT et al., 1991; LAMAS et al., 1992; XIE et al., 1992) , and it is feasible that some vagal nerve cells contain an isof orm that has NADPH diaphorase activity but is not recognized by the anti-NOS antiserum. Another possibility is that the NADPH diaphorase in some stained nerve cells in the vagus nerve of the trout is not a nitric oxide synthase; in mammals, such an enzyme is found in cells of the adrenal cortex (DAWSON et al., 1991) . NADPH diaphorase could not be revealed adequately in nerve fibres in the muscle, despite NOS immunoreactivity being readily observed and all enteric nerve cells with NOS-immunoreactivity being reactive for NADPH diaphorase. This suggests that the NOS/NADPH enzyme is not necessarily transported from its site of synthesis in the cell body without modification. It is feasible that NOS immunoreactivity is retained in the nerve terminals, without the retention of the active NADPH diaphorase site. The lack of close correlation between the intensities of NOS immunoreactivity and NADPH diaphorase activity in the nerve cells of the trout enteric nervous system contrasts with the close correlation in species of other vertebrate classes LI et al., 1992 LI et al., , 1993 . It also suggests that differential processing could occur.
BURNSTOCK (1959b) used methylene blue stained preparations to count the nerve cell bodies in the myenteric plexuses of the brown trout (Salmo trutta); the spatial densities of nerve cells in the esophagus, stomach and small intestine were 2500, 7300 and 12800 cells/cm2, respectively. Comparison with the numbers of NADPH diaphorase stained cells in the closely related rainbow trout (Salmo gairdneri), shown in Table 3 , suggests that NADPH diaphorasestained nerve cells comprise about 15-20% of all nerve cells in the trout esophagus, stomach and small intestine. Our observations revealed reactive fibres in the myenteric plexus and muscle, but fibres were rare in the mucosa. This is a distribution pattern similar to mammals COSTA et al., 1992; WARD et al., 1992; MCCONALOGUE and FURNESS, 1993) , an amphibian ) and a bird (LI et al., 1993) , which suggests that nitric oxide may have similar functions in enteric neurons in animals of several vertebrate classes. In mammals, one established role of nitric oxide in the gastrointestinal tract is as a transmitter of non-adrenergic non-cholinergic inhibitory neurons (RAND, 1992; SANDERS and WARD, 1992) . Pharmacological studies show that similar neurons supply the muscle of the teleost gut (NILSSON, 1983) . Given that NOS neurons in the trout innervate the muscle in a fashion similar to the mammalian inhibitory neurons, it seems likely that nitric oxide may also be an inhibitory transmitter to the enteric muscle in fish.
